Abstract. Premature ovarian failure (POF) results from a number of disorders. The POF model is primarily based on chemotherapeutic injury, and hence is not suitable for assessing the effects of chronic stress on ovarian function. Therefore, improved animal models are required to analyze the effects of chronic stress on ovarian reserve. The feasibility of the chronic unpredictable mild stress (CUMS) method for establishing a model of POF was examined. The depressive behavior exhibited by rats was evaluated with the open field and sucrose preference tests. Vaginal smears were obtained for assessment of the estrous cycle. The ovarian reserve of the animals was evaluated using the estrous cycle, ovarian histology and serum levels of gonadotropin releasing hormone (GnRH), follicle-stimulating hormone (FSH), estradiol (E2), and anti-Müllerian hormone (AMH). Compared with the control group, body weight, time spent in the center, horizontal movement, vertical frequency, consumption of sucrose, sucrose preference, number of small follicles from the rats, and serum E2, AMH and GnRH levels were significantly decreased in the CUMS group (all P<0.05). However, the estrous cycle was prolonged significantly (P<0.05) and serum FSH levels were increased significantly (P<0.01). These results suggested that the CUMS model rats exhibited depression-like behaviors. CUMS may induce psychological stress and decrease ovarian reserve in female rats. Thus, the CUMS model may be used to assess the effects of chronic stress on female reproductive function.
Introduction
Premature ovarian failure (POF) can result from various factors, including iatrogenic chemotherapy and radiotherapy, autoimmune diseases, genetic defects and idiopathy (1) . POF may lead to premature failure of ovarian function, which is primarily characterized by menopausal symptoms, including low estrogen levels and high gonadotropin levels. POF causes infertility and may also lead to a series of nervous system, cardiovascular and metabolic diseases, including Alzheimer's disease, hypercholesterolemia and early-onset osteoporosis, due to hormone deficiencies (2) that may severely affect women's health. However, the pathogenesis of POF remains unclear.
Studies have reported that the occurrence of POF is closely associated with depression, anxiety and other negative emotions (3, 4) . Approximately 43% of patients with POF in the USA report a history of depression, of whom 26% have experienced depression (4) 5 years prior to POF diagnosis. This clinical evidence demonstrates that chronic psychological stress, including anxiety and depression, may damage female ovarian function leading to disorders of female reproductive endocrine function. Barra et al (5) demonstrated that chronic cold stress may cause ovarian dysfunction or POF in female adult rats. This phenomenon is characterized by a prolonged sexual cycle or a lack of physiological regulation, and decreased secretion of estradiol and progesterone. Chronic cold stress may cause ovarian dysfunction in female adult rats in addition to reducing the number of primordial, primary and secondary follicles in the ovary, decreasing the expression of follicle-stimulating hormone (FSH) receptor, and delaying sexual development in young rats (6) . The above evidence suggests that chronic stress may be a crucial factor in the pathogenesis of POF.
Effects of chronic unpredictable mild stress on ovarian reserve in female rats: Feasibility analysis of a rat model of premature ovarian failure
Since the etiology of POF is diverse and complex, the pathogenesis of this disease remains unclear. To explore the mechanisms as to how POF may be caused by different disorders, animal models are essential. At present, two animal models of POF are available including, the chemotherapy (7) and 4-vinylcyclohexene diepoxide (8) models. However, a POF model induced by chronic stress has not been developed so far.
Chronic unpredictable mild stress (CUMS) is a widely used method for establishing models of depression, as proposed by Willner et al (9) in 1987, and includes a variety of chronic mild stresses: Wet bedding, behavior restriction, fasting, water deprivation, forced swimming, ice water, noise, hanging upside down day and night, and tail and foot shock. Compared with single factor model, the multifactor complex chronic stress model exhibits the characteristics of variability and an unpredictable stress source, which may induce a psychological stress response. However, whether the CUMS model may be used to assess POF remains unknown. In the present study, adult female rats were treated with the CUMS method to analyze the effects of chronic psychological stress on ovarian reserve, in order to demonstrate the feasibility of establishing a POF model via the CUMS method. This approach may provide a suitable animal model for further assessment of the pathogenesis of chronic stress-induced POF.
Materials and methods

Animals.
A total of 60 specific pathogen-free healthy female nulligravid Sprague-Dawley rats, (12 weeks old; 238±26 g), were provided by the Zhejiang Provincial Animal Experimental Center [animal certificate no. SXXK (Zhejiang) 2014-0001]. The housing conditions were as follows: Room temperature 20-25˚C, relative humidity 45-60%, 12 h light-dark cycle, drinking distilled water ad libitum throughout the experiment. The present study was approved by the Medical Ethics Committee of Jinhua Polytechnic (Jinhua, China).
Experimental grouping and POF model establishment. After 7 days of adaptation to the above conditions, the rats were randomly divided into three groups (n=20), including the control, cyclophosphamide (CTX) and CUMS groups. The control rats were grabbed once daily by gently catching the tail and skin of the back, and fixed for 5 sec, without any specific treatment. The CTX group received an intraperitoneal injection of CTX (Baxter Oncology GmbH, Halle, Germany) at a dose of 50 mg/kg on the first experimental day, followed by 8 mg/kg/day for 14 days and were fed normally for 2 months (10). Rats of the CUMS group were housed individually and exposed to a set of CUMS procedures repeatedly as follows (9) : Wet pad for 24h, behavioral restriction for 2 h, fasting for 24 h, water deprivation for 24 h, forced ice water swimming at 4˚C for 5 min, reversal of day and night for 24 h, noise interference for 12 h, tail suspension for 30 min, and plantar electric shock (30 V) for 5 sec. A stimulus was randomly administered daily for ≤35 days.
Rat estrous cycle assessment. Following adaptive feeding for approximately 7 days, the estrous cycles of the rats were monitored continuously by vaginal smear for 10 days. Vaginal cytology was performed at 8:30 a.m. First, the rats were held, and cotton swabs were moistened with saline and inserted into the vagina, gently rotating twice against the vaginal wall. The swab was removed and rolled on the slide. The obtained smears were air-dried and stained for 3-5 min with alkaline methylene blue (pH 8.4) at room temperature. Following washing, the smears were air-dried and observed by optical microscopy (magnification, x100), to determine the estrous cycle stages, including the proestrus, estrus, metestrus and diestrus. The criteria have been described elsewhere (Table I) (11) .
Open field test. Animal activity was observed prior to and following modeling on days 7, 14, 21 and 28, respectively. The box used for the open field test was 100x100x50 cm. The bottom of the box was divided into 25 squares (20x20 cm each). Each rat was placed in the central square for an individual test. Then the subsequent spontaneous activity of each individual rat was recorded for 3 min under dark and quiet conditions. The total distance traveled was considered a measure of motor ability based on the frequency of the rat crossing any of the 25 squares. The total duration of stay in the central area was calculated and defined as a measure of anxiety. The vertical frequency was used to assess the exploratory ability of the rats based on the frequency of rearing (raising both forelimbs >1 cm from the ground or clinging to the walls). Prior to each test, the box was completely cleaned. The behavioral assessment was conducted in a quiet room by two observers between 8:00 a.m. and 12:00 p.m. at 25˚C under (10±1) kPa. The data from the two observers were averaged as the final analysis (12) .
Sucrose consumption test. The animals were trained to adapt to sugary drinking prior to the experiment in a quiet room at 25˚C under (10±1) kPa in single cages (54.5x39.5x20 cm). Each cage had two bottles of 1% sucrose water placed simultaneously during the first 24 h, followed by one bottle each of 1% sucrose water and pure water in the subsequent 24 h. After 23 h of fasting, the animals underwent the sucrose consumption test. Each rat was given two bottles of water randomly placed at the same time: one contained 1% sucrose water and the other having pure water. The two bottles were removed and weighed after 1 h. Finally, sugar consumption was measured, as well as sucrose preference (sucrose preference=sugar consumption/total liquid consumption x100) was calculated (12) .
Ovarian morphology. Bilateral ovaries of the rats were removed and fixed with 10% formaldehyde at 4˚C for 24 h, dehydrated by an ethanol gradient (70% for 8 h, 80% for 2 h, 90% for 1 h, 95% for 30 min and twice with 100% for 15 min) at room temperature, paraffin embedded, and sectioned in ~6 µm slices. The ovarian tissue sections were stained with hematoxylin-eosin (hematoxylin for 5 min and eosin for 2 min) at room temperature. The stained ovarian tissue specimens were observed by light microscopy (magnification, x100) to assess the structural alterations and enumerate follicles in all groups. The follicular grading criteria by Yoshida et al (13) are described as follows: Small follicles, including primordial and primary follicles, are those with oocyte diameter <20 µm and <20 follicle cells; medium follicles oocyte diameter in the range of 20-70 µm and a follicle cell number of 21-200; large follicles, oocyte diameter >70 µm and >201 follicle cells.
Serum levels of gonadotropin releasing hormone (GnRH), FSH, estradiol (E2), and anti-Mullerian hormone (AMH).
Blood samples (2-3 ml) were drawn from the posterior venous plexus of rats, and placed at room temperature. Following blood coagulation, serum was obtained by centrifugation (600 x g at room temperature for 10 min). The levels of GnRH, FSH, E2 and AMH in serum were detected using ELISA kits (CusaBio Biotech Co., Ltd., Wuhan, China; E2, cat. no. CSB-E05110r; AMH, cat. no. CSB-E11162r; FSH, cat. no. CSB-E06869r; GnRH, cat. no. CSB-E08037r), according to the manufacturer's instructions. Standard curves were plotted using the Curve Expert 1.3 software (Hyams Development, Huntsville, Alabama). The regression equation was fitted by the concentration values of standard substance and its corresponding optical density values (OD value). The OD value of each well was sequentially measured with a microplate reader BIO-RAD Model 680, Bio-Rad Laboratories Inc, Hercules, CA, USA) at a wavelength of 450 nm. Analysis was performed within 10 min following termination of the reaction. Then the optical density values of the detected sample were substituted into the equation, then the sample concentration was calculated.
Statistical methods. The data were assessed using SPSS 20.0 statistical software (IMB Corp., Armonk, NY, USA). Measurement data are expressed as the mean ± standard deviation. Single factor analysis of variance was applied for multi-group comparisons, with post hoc tests (Dunnett's tests) used to compare group pairs. Enumeration data were analyzed by the nonparametric Kruskal-Wallis test, using a nonparametric post hoc test (LSD test). P<0.05 was considered statistically significant.
Results
Treatment with CUMS reduces the body weight of rats. Body weights were recorded to assess the effects of CUMS on rats. From day 21, the weight of rats of the control group were significantly higher than those of the CTX group (P<0.05). At day 35, the weight of the rats in the CUMS and CTX groups were significantly reduced compared with in the control group (P<0.05). However, at other time points, the CUMS group showed no statistically significant difference (Fig. 1 ). This finding suggested that similar to CTX, treatment with CUMS resulted in significant reductions in body weight of rats at day 35.
Treatment with CUMS induces chronic psychological stress in rats.
In the present study, two behavioral evaluation assays were used, including the open field test and sugar syrup preference tests, to assess whether treatment with CUMS induces chronic psychological stress in rats (Fig. 2) . On day 14 ( Fig. 2B ) following model establishment, vertical movement was significantly decreased in the CUMS group compared with the control group (P<0.05). On day 35 after following model establishment, vertical movement was significantly decreased in the CUMS group compared with in the control group (P<0.01). Horizontal movement ( Fig. 2A ) and central time (Fig. 2C) in the CUMS group were significantly decreased compared with the control (P<0.05) on day 35. Consistently, sugar consumption (Fig. 2D ) and sugar preference (Fig. 2E) were significantly decreased in the CUMS and CTX groups compared with control rats (P<0.05), again only on day 35. In addition, the CTX and CUMS groups did not exhibit statistically significant differences at any time point (P>0.05) for all factors (Fig. 2) . The open field and sucrose preference tests demonstrated that the CUMS group exhibited depressive-like behaviors at 35 days post-treatment with CUMS.
Treatment with CUMS prolongs the estrous cycle in rats.
Prior to establishment, all three groups presented a regular estrous cycle (Fig. 3) . The duration of the normal estrous cycle was 4-5 days, constituting the proestrus (Fig. 3A) , estrus ( Fig. 3B), metestrus (Fig. 3C) and diestrus (Fig. 3D ) of 1, 0.5, 1, 1.5-2 days, respectively. At the end of modeling, 12 rats in the CTX group and 9 rat in the CUMS group exhibited an estrous cycle of 6-7 days. Abnormal estrous cycles in the CTX (P<0.05) and CUMS groups (P<0.05) were significantly different compared with control after 35 days of treatment with CUMS (Fig. 4) . The estrous cycle was primarily manifested as continuous diestrus. The CTX and CUMS groups appeared to show estrous cycle extension; however, no rat exhibited disappearance of the estrous cycle.
Treatment with CUMS results in morphological alterations and decreased follicular counts in the ovaries of rats.
On day 35 following model establishment, ovaries of the CTX and CUMS group rats exhibited notable atrophy compared with the control group. The primary histological alterations were as follows. First, analysis of the ovarian stroma revealed severe fibrosis, cortical thickening and a disorganized structure. Secondly, the number of follicles at each stage of ovarian development were reduced, while atretic follicles were markedly increased. In addition, the corpus luteum exhibited fibrosis and increased in number (Fig. 5) . The number of small follicles were obtained in serial sections, and was observed to be 85.50±37.57 and 58.90±26.25 in the CTX and CUMS groups, respectively. These values were significantly decreased compared with the control amounts of 137.13±48.55 (P<0.05). However, no significant differences were observed in the amounts medium and large follicles in the CTX and CUMS groups compared with their respective control groups (Fig. 6) . Morphological assessment of ovaries in the CTX and CUMS groups demonstrated abnormal alterations, with the number of small follicles decreasing significantly.
Treatment with CUMS reduces the levels of serum E2, AMH and GnRH, and elevates FSH levels in rats.
Prior to modeling, no significant differences were observed in E2, AMH, GnRH, and FSH levels among the three groups. On day 14, serum E2, AMH, and GnRH levels in the CTX and CUMS groups were decreased compared with control values; with the difference of AMH being statistically significant (P<0.05). However, FSH levels were higher in the CTX and CUMS groups compared with control group, without significant differences. In addition, serum E2, AMH, and in the GnRH levels were significantly decreased on day 35 in the CTX and CUMS groups compared with in the control group (P<0.05), while FSH levels in the CTX (P<0.05) and CUMS (P<0.01) groups were significantly higher than the control group. Furthermore, E2, AMH, and GnRH levels on day 35 in the CTX and CUMS groups were lower than those obtained before modeling (P<0.05), while FSH levels were significantly higher compared with in the respective control groups (CTX, P<0.05; CUMS, P<0.01) (Fig. 7) . These findings indicated that the serum levels of the serum hormones E2, AMH, GnRH and FSH were altered in the CTX and CUMS groups.
Discussion
Establishing an animal model is essential for assessing the association of chronic stress with POF. The present study examined the feasibility of the CUMS method in developing a rat model of POF. CUMS has been used to establish a model of depression, and may cause chronic psychological stress in rats, therefore, it was used in the present study (9) . CUMS may cause behavioral effects, including anxiety and depression-like behaviors in rats. In addition, chronic psychological stress may alter reproductive endocrine function in rats (5,6), which ultimately leads to ovarian dysfunction and premature ovarian failure (14) . The present study performed Figure 6 . Effects of CUMS on ovarian follicle counts in rats. Data are mean ± standard deviation (SD)(n=20). * P<0.05 vs. control group. CTX, cyclophosphamide; CUMS, chronic unpredictable mild stress. open field and sugar consumption tests to evaluate anxiety and depression-like behaviors in rats, in order to determine whether the animals have developed psychological stress. As aforementioned, body weight, time spent in the center, horizontal movement and vertical frequency were all significantly decreased. In addition, sucrose consumption and preference were significantly reduced. In addition, the estrous cycle was prolonged significantly. Furthermore, serum E2, AMH and GnRH levels decreased significantly, while FSH levels were significantly increased. Furthermore, significantly fewer small follicles were detected in the CUMS group compared with the control following model establishment.
In the open field test, horizontal movement, vertical movement and central residence time were significantly decreased in CUMS-treated rats compared with the control group, supporting the findings of Strekalova et al (15) , which demonstrated that chronic stress may cause horizontal movement in model animals. The rats that experienced chronic stress were predisposed to avoid the central grid. Reduction in central residence in the open box was a manifestation of fear of danger, attributed to autonomic nervous system dysfunction, or may reflect a lack of curiosity about the environment (16) . Vertical movement reflects the inquiring behavior of rats and confidence in an unfamiliar environment (17) . The aforementioned results revealed a decreased interest in the unfamiliar environment in rats under chronic stress. The sugar preference test may be a crucial method for the detection of anhedonia (18, 19) , which is a core symptom of clinical depression.
The sugar preference test revealed that sugary water consumption and sucrose preference were decreased significantly in the CUMS group compared with the control group, indicating anhedonia in these animals. Behavioral evidence uncovered by tests conducted in the present study demonstrated that the rats demonstrated a degree of depressive symptoms following modeling. These findings suggested that the CUMS program may induce chronic psychological stress in rats.
The animals experiencing chronic stress exhibit ovarian dysfunction in addition to behavioral alterations. Vaginal cytology is an essentially noninvasive procedure for evaluating the estrous cycle in laboratory rodents and may serve as a useful measure of the integrity of the hypothalamic-pituitary-ovarian reproductive axis (20) . The aforementioned experimental results revealed that the estrous cycle of rats of the CTX and CUMS groups was prolonged significantly, particularly due to prolonged diestrus. This finding suggested that treatment with CUMS, similar to CTX, may cause dysfunction of the hypothalamic-pituitary-ovarian axis in rats. In addition to the estrous cycle, serum hormones, including E2 and FSH, are essential for the evaluation of POF models. POF is biochemically characterized by low levels of gonadal hormones (estrogens) and high levels of gonadotropins (FSH) (21) . AMH is a crucial index in evaluating the ovarian reserve (22) . The present study revealed that the serum levels of E2 and AMH were decreased significantly, while FSH amounts were significantly increased in CUMS-treated rats, similar to those of the CTX group. These findings were in accordance with those of Lu et al (23), who reported E2 and AMH levels in CUMS rats with stress resulted in disordered estrous cycles. Thus, these characteristics were consistent with those reported in POF models induced by chemotherapeutics (24, 25) . A marked decrease in AMH hormone suggested a declined ovarian reserve. Taken together, the alterations in hormonal levels and prolonged estrous cycles demonstrated that CUMS-treated rats exhibited ovarian dysfunction similar to CTX-treated rats. Thus, treatment with CUMS may affect the hypothalamus-pituitary-gonadal axis, resulting in ovary dysfunction.
Morphological assessment demonstrated that, compared with control rats, ovarian tissues of the CTX and CUMS groups exhibited interstitial fibrosis, cortex thickening and disorganized tissue structure; alterations in the CTX group were more pronounced compared with those of the CUMS group. These fibrotic alterations were consistent with previous findings evaluating ovarian tissues in patients with POF (26) . Additionally, significantly fewer follicles, particularly primitive follicles, were observed following model establishment. The aforementioned morphological alterations were consistent with those of ovarian tissue samples in the chemotherapeutic CTX model (27) . Furthermore, the morphological evidence suggested that chronic stress may modify ovarian structure, similar to treatment with CTX.
An ideal animal model should have the following characteristics: First, pathogenic pathways and processes similar to those observed in humans; secondly, pathological alterations in the model may be reversed by drugs; and thirdly, reproducibility of results. The present model has the following advantages, according to the aforementioned criteria. The modeling method is consistent with known primary pathogenic factors of human POF, with the pathogenic pathway and pathological alterations being similar to clinical observations. In addition, the modeling method of CUMS is simple and feasible; it may induce chronic psychological stress and cause depression or anxiety in rats. Finally, it may induce a number of POF features in experimental animals, including alterations in serum hormone levels and ovarian morphology, and prolongation estrous cycle. However, the model has a limitation in that the estrous cycle the experimental animals did not disappear.
Due to different animal strain, various modeling methods and evaluation indexes have been adopted by researchers; thus, a POF animal model has not been established as a unified evaluation standard. The majority of these models have been tested for serological hormones, particularly E2 and FSH. However, these hormones do not constitute a precise standard for assessment, unlike the diagnostic criteria for human POF. A simple and efficient estrous cycle, as an evaluation index of the rodent reproductive function, may be combined with serum E2, FSH and AMH levels to construct an ideal and accurate evaluation system for the POF animal model. The estrous cycle of most experimental animals did not disappear in the present study. The CUMS model was able to cause psychological stress and induce ovarian dysfunction in rats. However, whether the CUMS model induces POF efficiently in experimental animals requires further investigation.
The aforementioned CUMS POF animal model revealed that CUMS may lead to ovarian dysfunction. The results of the present study suggested that the CUMS model may provide possible directions and research approaches for ovarian dysfunction and POF, caused by psychological stress. Further studies are required to evaluate the interaction between psychological stress and ovarian function in order to define the pathogenesis of psychological stress-associated human ovarian dysfunction and POF.
